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Onychophoraa b s t r a c t
The gene decapentaplegic (dpp) and its homologs are essential for establishing the dorsoventral body axis
in arthropods and vertebrates. However, the expression of dpp is not uniform among different arthropod
groups. While this gene is expressed along the dorsal body region in insects, its expression occurs in a
mesenchymal group of cells called cumulus in the early spider embryo. A cumulus-like structure has also
been reported from centipedes, suggesting that it might be either an ancestral feature of arthropods or a
derived feature (=synapomorphy) uniting the chelicerates and myriapods. To decide between these two
alternatives, we analysed the expression patterns of a dpp ortholog in a representative of one of the clos-
est arthropod relatives, the onychophoran Euperipatoides rowelli. Our data revealed unique expression
patterns in the early mesoderm anlagen of the antennal segment and in the dorsal and ventral extra-
embryonic tissue, suggesting a divergent role of dpp in these tissues in Onychophora. In contrast, the
expression of dpp in the dorsal limb portions resembles that in arthropods, except that it occurs in the
mesoderm rather than in the ectoderm of the onychophoran limbs. A careful inspection of embryos of
E. rowelli revealed no cumulus-like accumulation of dpp expressing cells at any developmental stage, sug-
gesting that this feature is either a derived feature of chelicerates or a synapomorphy uniting the cheli-
cerates and myriapods.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.Dorsoventral patterning is crucial for sculpting the embryonic
body of most bilaterians, including arthropods and vertebrates.
Homologs of decapentaplegic (dpp) and bone morphogenetic pro-
tein-2/4 (BMP-2 and BMP-4) are amongst the key genes involved
in the establishment of the dorsoventral body axis (St.Johnston
and Gelbart, 1987; Sasai et al., 1994; Holley et al., 1995; De Rober-
tis and Sasai, 1996; Sanchez-Salazar et al., 1996; Dearden and
Akam, 2001). However, while dpp determines the dorsal body re-
gion in arthropods, BMP-2 and BMP-4 specify the ventral body re-
gion in vertebrates, suggesting that a dorsoventral axis inversion
has taken place in the vertebrate lineage (Arendt and Nübler-Jung,
1994; De Robertis and Sasai, 1996). Leaving aside controversies
surrounding this assumption (van den Biggelaar et al., 2002), re-
cent studies revealed that dpp expression along the dorsal body re-
gion is not universal to all arthropod groups, as this gene is
expressed in a mesenchymatic group of cells called cumulus,
which acts as an organizer, in the spider embryo (Holm, 1952;
Akiyama-Oda and Oda, 2006). The cumulus arises in the centre ofthe germ disc and migrates to the periphery, where it initiates
the breakdown of the radial symmetry of the embryo (Holm,
1952; Akiyama-Oda and Oda, 2003, 2006; McGregor et al., 2008).
A cumulus-like structure that forms in an equivalent position
and shows the same spatio-temporal pattern of movements as in
chelicerates has also been reported from myriapods (Sakuma and
Machida, 2002, 2004). Therefore, some authors regard the cumulus
as an ancestral feature of arthropods (McGregor et al., 2008) in ac-
cord with the Mandibulata hypothesis, while others assume that it
might be a potential synapomorphy uniting the chelicerates and
myriapods, thus supporting the Paradoxopoda/Myriochelata con-
cept (Fig 1A; Mayer andWhitington, 2009a). In fact, a cumulus-like
structure has never been reported from crustaceans and hexapods,
nor has it been observed in embryos of one of the closest arthropod
relatives, the Onychophora, or velvet worms (von Kennel, 1885,
1888; Sedgwick, 1888; Manton, 1949; Anderson, 1973; Mayer
and Whitington, 2009a; Eriksson and Tait, 2012). However, it can-
not be ruled out that a cumulus-like morphological structure has
been overlooked in onychophorans.
In order to clarify this issue, an expression study of dpp in Ony-
chophora is necessary, as it is currently the only marker, which
might be suitable for visualising the putative cumulus cells in
the onychophoran embryo (Mayer and Whitington, 2009a). If dpp
is expressed in a mesenchymatic group of cells, as in the spider
Fig. 1. Alternative scenarios on the evolution of the cumulus, and the onychoph-
oran species studied. (A) Competing hypotheses on the phylogenetic relationship of
arthropods (modiﬁed from Mayer and Whitington, 2009a). The tree on the left
illustrates the Paradoxopoda/Myriochelata concept, the tree on the right the
Mandibulata hypothesis. The cumulus (blue circle) might either represent a derived
feature supporting the sister group relationship of Chelicerata and Myriapoda, or an
ancestral feature of Onychophora and Arthropoda, in which case it must have been
lost in crustaceans and hexapods (blue square). The double lines for Crustacea
indicate the putative non-monophyly of this group. (B) Adult female of the
onychophoran Euperipatoides rowelli (Peripatopsidae). The photographed specimen
is ca. 5 cm long.
Fig. 2. Maximum likelihood topology showing the phylogenetic position of the dpp
metazoans. The bmp family members gbb and scw have also been included in the analy
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that the cumulus was present in the last common ancestor of
Arthropoda, or Onychophora plus Arthropoda (Fig. 1A). Conversely,
a dpp expression along the dorsal body region, as for example in
hexapods and most other protostomes (Carroll et al., 2005; Hejnol
and Martindale, 2008), would support the hypothesis that the
cumulus is a derived feature (=synapomorphy) uniting the cheli-
cerates and myriapods (Mayer and Whitington, 2009a).
To decide between these two alternatives, we analysed the
expression patterns of dpp in embryos of the onychophoran Euper-
ipatoides rowelli (Fig. 1B). We emphasise that the aim of our study
was not to follow the spatial distribution of the Dpp morphogen
and its receptor proteins in the onychophoran embryo, nor was it
to analyse the functional aspects of the Dpp signalling cascade in
Onychophora, as it has been demonstrated that the function of
genes, organs and other structural modules is irrelevant for homol-
ogy inference (Wagner, 2007; Sommer, 2008). Instead, we use
in situ hybridization against dpp mRNA to identify a cumulus-like
accumulation of dpp expressing cells in the onychophoran embryo,
which, if present, might be homologous to the spider cumulus.1. Results
1.1. Identiﬁcation of the onychophoran dpp ortholog
We have identiﬁed contigs of only one dpp homolog (Er-dpp) in
our deep transcriptome data from embryos of the onychophoran
E. rowelli. Despite our extensive BLAST searches, we did not ﬁnd
evidence for the existence of an additional dpp copy in the tran-
scriptome of E. rowelli. However, since complete genome sequence
data are unavailable from E. rowelli yet, we cannot rule out the
possibility that there might be an additional copy of dpp in the ony-
chophoran genome, which is not expressed during embryonic
development. The identiﬁed Er-dpp fragment is 1713 bp long and
contains the complete sequence encoding 404 amino acids of the
polypeptide. To calculate a maximum likelihood phylogeny, weortholog from the onychophoran Euperipatoides rowelli among those from other
sis. The numbers at each node indicate the bootstrap support values.
386 S. Treffkorn, G. Mayer / Gene Expression Patterns 13 (2013) 384–394used an alignment of the conserved carboxyterminal region of ami-
no acid sequences of dpp homologs from different metazoans
(Fig. 2). In addition, we included sequences of the closely related
bmp family members glass bottom boat (gbb) and screw (scw) from
different arthropods in our phylogenetic analysis to clarify whether
the identiﬁed fragment is a dpp, gbb or scw homolog. The resulted
topology revealed a well-supported monophyletic clade, which
contains all analysed dpp sequences, including the identiﬁed dpp
fragment from the onychophoran E. rowelli, while the gbb and
scw sequences form two additional separate clades. Thus, the iden-
tiﬁed Er-dpp transcript is indeed a dpp homolog.1.2. No evidence of a cumulus-like structure with dpp expressing cells
A critical inspection of embryos of E. rowelli at early develop-
mental stages ranging from 0 to I (staging according to Walker
and Tait, 2004) revealed no detectable levels of dpp expression
(Fig. 3A and B; Supplementary Fig. S1). This result was obtained
from a large number of embryos (n = 158). The earliest pattern of
dpp expression occurs when the blastopore and the anterior-mostFig. 3. Expression of dpp in the onychophoran Euperipatoides rowelli. Stereomicrographs
stages. (A) Overview of a stage 0–I embryo. Note the lack of dpp signal. (B) Confocal im
arrowhead points to the slit-like blastopore. (C) Stage I embryo in ventral view. Anterior
the antennal segment. (D) Stage II embryo in lateral view. Anterior is left. Note the lack
dorsal and ventral extra-embryonic tissue. (E) The same embryo as in C in ventral view
segment. (F) Confocal micrograph of the same embryo as in C stained with SYBR Gre
antennal segment; au, anus/proctodaeum; de, dorsal extra-embryonic tissue; mo, develo
(C, D), 100 lm (A, B, E and F).segments have already formed. At this stage, dpp is expressed as a
pair of roundish spots on either side of the slit-like blastopore
(Fig. 3C and E). Confocal micrographs of embryos labelled with a
DNA marker revealed that this expression pattern corresponds in
position to the mesoderm anlagen (=somites) of the antennal seg-
ment (Fig. 3E and F). The dpp signal in the antennal segment disap-
pears during further development, when the lateral germ bands
have grown further anteriorly and additional segments have been
added posteriorly (Fig. 3D). Notably, apart from the mesoderm
anlagen in the antennal segment, dpp expression is undetectable
anywhere else in the onychophoran embryo at developmental
stages, at which a cumulus-like structure was expected.1.3. Expression of dpp in the dorsal and ventral extra-embryonic tissue
One of the most prominent features in the embryos studied is a
distinct pattern of dpp expression in the extra-embyonic tissue.
This pattern is ﬁrst evident in the stage II embryo, in which it oc-
curs in the dorsal and ventral extra-embryonic tissue (Fig. 3D). This
pattern of expression persists at stages III and IV and becomes(A, C–E) and confocal micrographs of embryos (B and F) at different developmental
age of the same embryo as in A stained with the DNA marker SYBR Green. The
is left. The arrows point to a paired expression domain in the mesoderm anlagen of
of signal in the antennal segment and the occurrence of distinct expression in the
. Anterior is up. A paired expression domain occurs in the anlagen of the antennal
en. Arrowhead points to the slit-like blastopore. Abbreviations: an, anlagen of the
ping mouth (stomodaeum); ve, ventral extra-embryonic tissue. Scale bars: 200 lm
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tissue, the remnants of which appear as thin stripes along the dor-
sal and ventral midlines of the embryo (Figs. 4A–D, 5A–D and 6A
and B). The reduction of the dorsal and ventral extra-embryonic
tissue is accompanied by numerous apoptoses along the ventral
and dorsal midlines, as revealed by cell death detection (Fig. 6C
and D). After the complete degeneration of extra-embryonic tissue
at stage VI, dpp expression is no longer detectable in the onychoph-
oran embryo.
1.4. Expression of dpp in the dorsal mesoderm of developing limbs
In embryos of E. rowelli, the limbs arise subsequently, following
an antero-posterior developmental gradient. The initial expression
of dppwithin the limbs occurs in the anterior-most limb anlagen at
stage III (Fig 4B and E). During further development, the number of
limb buds, which express dpp, increases posteriorly (Fig. 4F). At
stage IV, the expression reaches the thirteenth pair of limb buds
(Fig. 5B and D) and it is still detectable in the anlagen of legs at
stage V, although the expression becomes weaker (Fig. 8C). Nota-Fig. 4. Expression of dpp in embryos of the onychophoran Euperipatoides rowelli. Stereom
persists in the dorsal and ventral extra-embryonic tissue, whereas no expression occurs y
left. In addition to the dorsal and ventral extra-embryonic tissue, the expression occurs i
pairs of legs. (C) Detail of dpp expressing cells in the dorsal extra-embryonic tissue of an e
tissue of a stage IV embryo. (E) Detail of limb buds in a late stage III embryo in lateral vi
anlagen of legs 2–4. (F) Detail of limb buds in a stage IV embryo in lateral view (limb bud
the dorsal mesoderm of the anlagen of legs 8–10. Abbreviations: at, presumptive ante
anlagen of legs 1–10; mo, mouth; sp, presumptive slime papilla; ve, ventral extra-embybly, irrespective of the appendage type, our data show that dpp is
expressed exclusively in the dorsal mesoderm of each limb anlage,
whereas no expression is seen in the ectoderm. The shape of the
mesodermal expression domains differs between the anlagen of
antennae, jaws, slime papillae and legs.
In the dorsal mesoderm of the presumptive antennae, the initial
dpp signal does not appear before the stage III (Fig. 7A). As devel-
opment proceeds and the antennae elongate, a homogeneous
expression occurs more distally (Fig. 7B). This expression becomes
stronger and shifts towards the antennal basis at stage IV (Fig. 7C).
The embryos imaged in dorsal view reveal that the antennal
expression domain is wider at the antennal basis, where it shows
a triangular shape and extends to the dorsal region of the antennal
segment (Fig. 5A and C). This expression in the antennae and the
dorsal head region disappears completely at stage V (Fig. 8A). In
contrast to the elongated dpp domain in the antennal anlagen,
the initial expression of dpp in the putative jaws appears as a
roundish spot, which changes its shape to a triangle at stage III
(Fig. 7D and E). This domain disappears completely during further
development, as it is not evident in embryos at more advancedicrographs. (A) Early stage III embryo in lateral view. Anterior is left. The expression
et in the early anlagen of limbs. (B) Late stage III embryo in lateral view. Anterior is
n the developing limbs, including the antennae, jaws, slime papillae and the ﬁrst six
arly stage III embryo. (D) Detail of dpp expressing cells the ventral extra-embryonic
ew. Anterior is left, dorsal is up. Note the expression of dpp in dorsal portion of the
s are in distal perspective). Anterior is left, dorsal is up. Note that dpp is expressed in
nna; au, anus; de, dorsal extra-embryonic tissue; jw, presumptive jaw; le1–le10,
onic tissue. Scale bars: 750 lm (A, B), 100 lm (C–F).
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this domain, the stage V embryo shows a longitudinal stripe of
dpp expression on each side of the head, near the bases of the
developing lips (Fig. 8A).
The initial dpp expression in each slime papilla appears as a thin
dorsal stripe, which becomes weaker in the late stage III embryo
and is hardly detectable at stage IV (Fig. 7G–I). Similar dorsal
stripes of expression are seen in the subsequently developing legs
(Fig. 4B and E). This pattern becomes more prominent at stage IV,
when the expression domain in the mesoderm of each presump-
tive leg becomes stronger and appears as a dorsally located spot
in lateral view but as a triangular domain in dorsal view
(Figs. 4F, 5B and D). The expression of dpp is hardly detectable at
stage V (Fig. 8C) and disappears completely at stage VI. At no devel-
opmental stage the expression of dpp occurs in the ectoderm of the
limb anlagen.2. Discussion
2.1. No evidence of a cumulus-like structure in the onychophoran
embryo
Our data revealed dynamic patterns of dpp expression in em-
bryos of the onychophoran E. rowelli at subsequent developmental
stages (Fig. 9A–E). Initially, dpp expression appears in the early
mesoderm anlagen of the antennal segment, i.e., after the embry-Fig. 5. Expression of dpp in a stage IV embryo of the onychophoran Euperipatoides rowelli
head. Note the large triangular expression domain in the antennae and in the dorsal me
embryonic tissue. (B) Dorsal aspect of the posterior end. The expression appears as tria
Ventral aspects of the same embryo. (C) Anterior end. (D) Posterior end. Note dpp expres
au, presumptive anus (proctodaeum); de, dorsal extra-embryonic tissue; jw, jaw anlag
presumptive slime papilla; ve, ventral extra-embryonic tissue. Scale bars: 200 lm.onic disc and the slit-like blastopore have formed (Fig. 9A). Later
in development, a peculiar expression pattern of dpp occurs in
the dorsal and ventral extra-embryonic tissue (Fig. 9B). These pat-
terns might be unique to Onychophora, as they have not been re-
ported from any other animal group, including various
arthropods (St.Johnston and Gelbart, 1987; Sanchez-Salazar et al.,
1996; Niwa et al., 2000; Dearden and Akam, 2001; Akiyama-Oda
and Oda, 2003; Prpic et al., 2003; Prpic, 2004; Angelini and Kauf-
man, 2005; Chaw et al., 2007). Another conspicuous pattern, which
we observed in embryos of the onychophoran E. rowelli, is the dpp
expression on each side of the head above the developing lips sur-
rounding the mouth (for details on mouth development, see Ou
et al., 2012). The function of dpp in this body region of the ony-
chophoran embryo is unknown, but it might play a role in dorsal
head patterning, in particular in the jaw segment.
Despite a careful inspection of numerous embryos of E. rowelli,
covering all developmental stages from an early blastula to fully
developed embryos, we found no indication whatsoever for the
existence of dpp expressing mesenchymal cells that would resem-
ble the cumulus of the spider embryo (Akiyama-Oda and Oda,
2003, 2006). Thus, our data conﬁrm the results of previous embry-
ological studies, which revealed no cumulus-like structure in Ony-
chophora (Sedgwick, 1887; von Kennel, 1888; Evans, 1901;
Manton, 1949; Mayer and Whitington, 2009a). Moreover, detailed
analyses of early development in a representative of Tardigrada
using 4Dmicroscopy provided no evidence of a cumulus-like struc-
ture in this animal group (Hejnol and Schnabel, 2005, 2006). Since. Stereomicrographs. Anterior is up in all images. (A) Dorsal aspect of the developing
soderm of the head (arrowheads), in addition to the expression in the dorsal extra-
ngular domains in the mesoderm of each developing leg (arrowheads). (C and D)
sion in the ventral extra-embryonic tissue. Abbreviations: at, presumptive antenna;
e; le10–le14, anlagen of legs 10–14; mo, presumptive mouth (stomodaeum); sp,
Fig. 6. Expression of dpp and detection of cell death in a stage V embryo of the onychophoran Euperipatoides rowelli. Stereomicrographs (A and B) and confocal micrographs (C
and D). Anterior is up in A and C; anterior is down in B and D. (A) Ventral aspect of the trunk revealing dpp expression in a stripe along the ventral midline. Note the alternate
pattern of strong and weak expression along the body corresponding in position with the ventral organs. (B) Dorsal aspect of the trunk of the same embryo as in A. The
expression occurs in a wide stripe of cells along the dorsal midline. (C and D) Double-labelled embryo with Cell Death Detection Kit (red) and Bisbenzimide (blue) in ventral
(C) and dorsal views (D). Note numerous apoptotic cells along the ventral and dorsal midlines (arrowheads). Abbreviations: de, dorsal extra-embryonic tissue; le5–le12,
presumptive legs 5–12; ve, ventral extra-embryonic tissue, vo, ventral organ. Scale bars 100 lm.
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group of panarthropods, including cycloneuralians (nematodes,
priapulids, kinorhynchs and allies), this suggests that the cumulus
organizer was not present in the last common ancestor of Panar-
thropoda (Onychophora + Tardigrada + Arthropoda).
Apart from chelicerates, previous studies revealed a cumulus-
like structure from the centipede embryo, which forms in an equiv-
alent position and shows the same spatio-temporal pattern of
migration as in the spider embryo (Sakuma and Machida, 2002,
2004). However, since dpp expression has not been analysed in
the early myriapod embryo (but see Prpic, 2004 for a description
of late expression patterns in a diplopod), it is unclear whether
the described structure is an organizer, which is homologous to
the spider cumulus. Thus, clarifying putative homology of the
cumulus-like structure of the centipede embryo to the spider
cumulus will help answer the question of whether this structure
is a derived feature of chelicerates or a synapomorphy uniting
thechelicerates and myriapods.
2.2. Ancestral pattern of dpp expression in panarthropod limbs
We have shown here that dpp is expressed in the dorsal limb
portions in embryos of E. rowelli – a pattern, which is also known
from some arthropods (Sanchez-Salazar et al., 1996; Jockusch
et al., 2000; Niwa et al., 2000; Prpic et al., 2003; Prpic, 2004;
Angelini and Kaufman, 2005). In most insects and chelicerates,
dpp is expressed in the dorsal part of the distal portion of the
developing limb (Fig. 10; Sanchez-Salazar et al., 1996; Jockusch
et al., 2000; Niwa et al., 2000; Akiyama-Oda and Oda, 2003; Prpic
et al., 2003; Prpic, 2004). Contrasting this, dpp expression occursalong the entire dorsal side of the developing limb in the myria-
pod Glomeris marginata and in the insect Drosophila melanogaster,
thus resembling the proximo-distal extent of the expression do-
main in Onychophora (Prpic et al., 2003; Prpic, 2004; Estella
et al., 2008). Due to the similarities of the dpp expression patterns
in position (dorsal limb region) and extent (entire proximo-distal
axis), dpp was most likely involved in the dorsal patterning of the
limb anlagen in the last common ancestor of Onychophora and
Arthropoda.
However, our data show that dpp is expressed in the mesoderm
of the developing limb in the onychophoran E. rowelli, whereas the
expression occurs in the ectoderm of limbs in arthropods (San-
chez-Salazar et al., 1996; Jockusch et al., 2000; Niwa et al., 2000;
Prpic et al., 2003; Prpic, 2004; Angelini and Kaufman, 2005). This
suggests that the expression patterns have been modiﬁed in differ-
ent panarthropod groups. Currently, three equally parsimonious
scenarios of dpp expression in the last common ancestor of Panar-
thropoda can be assumed (Fig. 10). According to the ﬁrst scenario,
dpp was expressed in the mesoderm of the developing limb (as
found in onychophorans today) and the expression has shifted to
the ectoderm in the arthropod lineage. According to the second
scenario, dpp expression initially occurred in the ectoderm of the
ancestral limb (similar to extant arthropods), but has shifted to
the mesoderm in the onychophoran lineage. The third scenario
proposes an expression of dpp in both germ layers of the ancestral
limb and this pattern was then reduced either in the ectoderm or in
the mesoderm in each lineage, respectively (Fig. 10). To decide be-
tween these three alternatives, additional dpp expression data
from representatives of Crustacea and, in particular, from Tardigra-
da will be necessary.
Fig. 7. Expression of dpp in the anlagen of cephalic appendages in the onychophoran Euperipatoides rowelli. Stereomicrographs. Dorsal is up, anterior is left in all images.
Arrowheads point to dpp expression domains in the mesoderm of each appendage at subsequent developmental stages. (A–C) Antennal anlagen in lateral (A) and
ventrolateral views (B and C). (D–F) Jaw anlagen in lateral view. Note the initially oval shape of the expression domain (in D), which then becomes more elongated (in E), and
eventually disappears at stage IV (in F). (G–I) Slime papilla anlagen in lateral view. The expression domain appears as a thin dorsal stripe (in G and H) and persists in the stage
IV embryo (in I). Abbreviations: ey, anlage of the eye; li, developing lips. Scale bars: 100 lm.
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3.1. Specimen collection and embryo preparation and staging
Specimens of Euperipatoides rowelli Reid, 1996 (Onychophora,
Peripatopsidae) were collected from rotted logs in the Tallaganda
State Forest (35280S, 149320E, 954 m, New South Wales, Austra-
lia) in October 2010 and 2011. The animals were kept in plastic
boxes with perforated lids and fed with crickets as described pre-
viously (Baer and Mayer, 2012). Females were anaesthetised with
chloroform vapour for 10–20 s and the reproductive tracts were
dissected and transferred in a physiological saline (Robson et al.,
1966). After dissecting the embryos from the uteri, the two mem-
branes surrounding each embryo were removed using two ﬁne for-
ceps. The embryos were staged according to Walker and Tait
(2004) with the following modiﬁcation. We classiﬁed stage V em-
bryos more restrictively using the following characteristic fea-
tures: (1) cerebral grooves (=anlagen of the hypocerebral organs)
appear as longitudinal slits in the middle of each antennal lobe,
and (2) the anlagen of the last (15th) pair of walking legs have al-
ready formed. After staging, the embryos were processed further
immediately or ﬁxed overnight in 4% paraformaldehyde in phos-
phate-buffered saline (PBS; 0.1 M, pH 7.4), dehydrated in a graded
methanol series and stored at 20 C.3.2. RNA isolation, library preparation, and identiﬁcation and
ampliﬁcation of gene fragments
RNA was isolated from embryos using TRIzol Reagent (Invitro-
gen, Carlsbad, CA, USA). Library preparation and assembly of the
embryonic transcriptomes were performed as described by Hering
et al. (2012). To identify the dpp homolog, a local tBLASTn search
was performed with the dpp mRNA sequence from the spider spe-
cies Achaearanea tepidariorum as a query (Akiyama-Oda and Oda,
2003, 2006). The identiﬁed nucleotide sequence of the dpp candi-
date from E. rowelli was aligned with 11 representative sequences
from other bilaterian taxa, including arthropods (Table 1). Addi-
tionally, sequences of the two bmp family members glass bottom
boat (gbb) and screw (scw) from different arthropod species were
included in the alignment. The multiple alignment was used for a
maximum likelihood analysis of amino acid sequences in RAxML
v7.2.8 using the JTT + G evolutionary model and a bootstrap value
of 1000 (Stamatakis, 2006). The identiﬁed Er-dpp sequence (Gen-
Bank accession number KF195924) was used to generate probes
for in situ hybridization. A fragment of 689 bp was chosen contain-
ing nearly the entire conserved carboxyterminal region. Matching
primers for the probe were generated and checked with Primer
Premier 6.11 (http://www.premierbiosoft.com/index.html) to pre-
vent hairpins, dimers, cross dimers and palindromes.
Fig. 8. Details of dpp expression in a stage V embryo of the onychophoran
Euperipatoides rowelli. Stereomicrographs. (A) Head in ventral view. Anterior is up. A
paired expression domain occurs in a region dorsal to the developing lips
(arrowheads). (B) Head in dorsaolateral view. Anterior is in the upper right corner.
The arrowhead points to the expression domain dorsal to the mouth lips. (C) A leg
of the same embryo in dorsal view displaying hardly detectable expression in the
dorsal mesoderm (arrowhead). Abbreviations: at, presumptive antennae; de, dorsal
extra-embryonic tissue; jw, presumptive jaw; le1, presumptive leg 1; li, developing
lips; sp, presumptive slime papilla; ve, ventral extra-embryonic tissue. Scale bars
100 lm.
Fig. 9. Summary diagrams of dpp expression in embryos of the onychophoran
Euperipatoides rowelli at subsequent developmental stages. Anlagen of legs num-
bered. (A) Stage I embryo showing a paired expression domain in the mesoderm
anlagen of the antennal segment. (B) Stage II embryo illustrating ubiquitous
expression in the dorsal and ventral extra-embryonic tissue. (C) Stage III embryo
demonstrating persisting expression in the dorsal and ventral extra-embryonic
tissue, whereas additional domains have appeared in the dorsal mesoderm of
developing appendages in the anterior half of the body. (D) Anterior end of a stage
IV embryo in dorsal (left) and ventral views (right). The expression persists in the
dorsal and ventral extra-embryonic tissue. It is also present in the mesoderm of
presumptive antennae and slime papillae but not in the anterior-most legs and
jaws. (E) Anterior end of a late stage V embryo in dorsal (left) and ventral views
(right). The expression in the appendages has disappeared, whereas it has been
reduced to a thin stripe in the dorsal and ventral extra-embryonic tissue,
respectively. Abbreviations: an, anlagen of the antennal segment (‘‘antennal
lobes’’); at, presumptive antenna; au, embryonic anus (proctodaeum); de, dorsal
extra-embryonic tissue; jw, presumptive jaw; mo, embryonic mouth (stomo-
daeum); sp, presumptive slime papilla; ve, ventral extra-embryonic tissue; 1–3,
anlagen of legs 1–3.
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Polymerase chain reaction (PCR) was performed using the for-
ward primer 50 GCGATTGATTGACACTCGTGC 30 and the reverse pri-
mer 50 TGCTGTCACAGCTTATCAGCG 30. The PCR products were
cloned into the Escherichia coli strain KJ100 using pGEM-T Vector
System (Promega Corporation, Madison, WI, USA). Each vector was
linearized and transcribed in vitro using DIG RNA Labelling Kit SP6/
T7 (Roche, Mannheim, Germany). For in situ hybridization, the em-
bryos were rehydrated with PBST (PBS + 0.1% Tween-20; 5 min
each). Pre-hybridization was carried out for six hours at 60 C, after
which the probe was added to the embryos and incubated for three
nights at 60 C. Excess probe was removed by several rinses in
hybridization buffer, saline-sodium citrate buffer + 0.1% Tween-
20 and PBST, and the embryos were incubated for three hours ina blocking solution (10% normal goat serum in PBST) at room tem-
perature. The embryos were then incubated with the Anti-DIG-AP
antibody (Roche; diluted 1:1000 in blocking solution) for three
nights at 4 C. After several washes with PBST, a NBT/BCIP staining
solution (Roche) was added to the embryos and the staining reac-
tion was kept in the dark. The embryos were checked every 10–
15 min under a dissection microscope in dimmed light until stain-
ing was evident and the staining reaction was stopped by several
washes with PBST. Some embryos were counterstained with SYBR
Fig. 10. Summary diagram illustrating three alternative scenarios on the evolution of dpp expression patterns in the embryonic limbs in Panarthropoda (Onychopho-
ra + Tardigrada + Arthropoda). The expression pattern in the ectoderm is shown in yellow, that in the mesoderm in red. According to the ﬁrst scenario, dpp expression
occurred in the mesoderm of the ancestral limb. This pattern has been retained in the onychophoran limb, but the expression has shifted to the ectoderm in arthropods.
According to the second scenario, dppwas expressed in the ectoderm of the ancestral limb (this pattern has been retained, for example, in myriapods), but the expression has
shifted to the mesoderm in the onychophoran lineage. According to the third scenario, dpp expression occurred in both germ layers in the ancestral panarthropod limb and it
was then reduced in the ectoderm of the onychophoran limb but in the mesoderm of the arthropod limb. Question marks indicate missing data from tardigrades and
crustaceans. Diagrams on the expression patterns in chelicerates, myriapods and hexapods are based on data provided by Niwa et al. (2000), Prpic et al. (2003), and Prpic
(2004).
Table 1
List of species used for the phylogenetic analysis of the dpp/BMP, gbb and scw sequences obtained from the NCBI database and the corresponding references.
Species Gene Accession number References
Achaearanea tepidariorum dpp BAC24087.1 Akiyama-Oda and Oda (2003)
Acropora millepora dpp AAM54049.1 Hayward et al. (2002)
Apis mellifera dpp XP_001122815.2 No reference available
Cupiennius salei dpp CAD57730.1 Prpic et al. (2003)
Daphnia pulex dpp EFX89580.1 Colbourne et al. (2011)
Drosophila melanogaster dpp NP_477311.1 Hoskins et al. (2007)
Drosophila pseudoobscura dpp AAC47553.1 Newfeld et al. (1997)
Nasonia vitripennis dpp XP_001607677.1 No reference available
Schistocerca gregaria dpp AAK56941.1 Dearden and Akam (2001)
Tribolium castaneum dpp NP_001034540.1 Ober and Jockusch (2006)
Xenopus laevis BMP4 NP_001081501.1 Tribulo et al. (2012)
Daphnia pulex gbb EFX74626.1 Colbourne et al. (2011)
Drosophila melanogaster gbb NP_477340.1 Hoskins et al., 2007
Drosophila virilis gbb EDW61141.1 Drosophila 12 Genomes Consortium (2007)
Episyrphus balteatus gbb AEI25992.1 Lemke et al. (2011)
Musca domestica gbb ADR57144.1 Fritsch et al. (2010)
Pararge aegeria gbb JAA87939.1 No reference available
Tribolium castaneum gbb EFA04645.1 Tribolium Genome Sequencing Consortium (2008)
Drosophila melanogaster scw AAA56872.1 Arora et al. (1994)
Glossina morsitans scw ADR57153.1 Fritsch et al. (2010)
Megaselia abdita scw AFK24736.1 Raﬁqi et al. (2012)
392 S. Treffkorn, G. Mayer / Gene Expression Patterns 13 (2013) 384–394Green (Invitrogen). To denature the alkaline phosphatase, the em-
bryos were post-ﬁxed in 4% paraformaldehyde, transferred into
1.5 ml reaction tubes and stored at 4 C.
3.4. Detection of fragmented DNA in apoptotic cells
Embryos stored in methanol were rehydrated in PBS, incubated
in 0.1 M sodium citrate, pH 6.0, for 30 min at 70 C, and rinsed in
PBST. Detection of fragmented DNA in apoptotic cells was carried
out using the In Situ Cell Death Detection Kit (TMR red; Roche)
as described previously (Mayer and Whitington, 2009b). Theembryos were placed in equilibration buffer for 10 min at room
temperature and the buffer was replaced by 450 ll label solution
and 50 ll enzyme solution. After an incubation for three hours at
37 C, the embryos were counterstained with Bisbenzimide
(H33258; Sigma–Aldrich, St. Louis, MO, USA) and mounted in Vec-
tashield Mounting Medium (Vector Laboratories Inc., Burlingame,
CA, USA). For negative controls, the embryos were treated in the
same way but without adding the enzyme. These embryos showed
no labelling. For positive controls, the embryos were treated with
DNase prior to detection of cell death. In these embryos, all nuclei
were labelled.
S. Treffkorn, G. Mayer / Gene Expression Patterns 13 (2013) 384–394 3933.5. Microscopy and image processing
The embryos used for in situ hybridization were analysed either
under a stereomicroscope (Leica WILD M10 with a WILD MDG 17
Stand; Leica Microsystems, Wetzlar, Germany) or under a trans-
mitted light microscope (Leica Leitz DMR; Leica Microsystems),
equipped with a colour digital camera (PCO AG SensiCam, Kelheim,
Germany). Several micrographs were taken from each specimen at
different focal planes and merged to a single projection using the
Auto-Blend Layers function in Adobe (San Jose, CA, USA) Photoshop
CS5.1. The embryos stained with SYBR Green were mounted on
glass slides in Vectashield Mounting Medium (Vector Laborato-
ries Inc.) and analysed with the confocal laser-scanning micro-
scope Leica TCS STED. The embryos used for cell death detection
were analysed with the confocal laser-scanning microscope Zeiss
LSM 510 META (Carl Zeiss MicroImaging GmbH, Jena, Germany).
The brightness and contrast of all micrographs were adjusted with
Photoshop CS5.1 and the ﬁnal panels were designed with Illustra-
tor CS5.1 and exported to Tagged Image File Format.
Acknowledgements
Wearegrateful toMartin Schlegel for providing laboratory space,
toChristophBleidorn forhis helpwithphylogenetic analyses, to Sus-
ann Kauschke for technical assistance, to Lars Hering for providing
transcriptome data, to Franziska Anni Franke for help with embryo
preparation, to Nikola-Michael Prpic-Schäper for a fruitful discus-
sion and for providing an in situ hybridization protocol, to Kristen
Panﬁlio for providing details on a pMad antibody, and to Noel Tait,
Paul Sunnucks andDavid Rowell for their helpwith permits and col-
lecting over the years. Two anonymous referees provided useful
comments,whichhavehelped to improve themanuscript. Thiswork
was supported by a grant from the German Research Foundation
(DFG: Ma 4147/3-1) to GM, who is a Research Group Leader sup-
ported by the Emmy Noether Programme of the DFG.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.gep.2013.07.004.
References
Akiyama-Oda, Y., Oda, H., 2003. Early patterning of the spider embryo: a cluster of
mesenchymal cells at the cumulus produces Dpp signals received by germ disc
epithelial cells. Development 130, 1735–1747.
Akiyama-Oda, Y., Oda, H., 2006. Axis speciﬁcation in the spider embryo: dpp is
required for radial-to-axial symmetry transformation and sog for ventral
patterning. Development 133, 2347–2357.
Anderson, D.T., 1973. Embryology and phylogeny in annelids and arthropods.
Pergamon Press, Oxford.
Angelini, D.R., Kaufman, T.C., 2005. Functional analyses in the milkweed bug
Oncopeltus fasciatus (Hemiptera) support a role for Wnt signaling in body
segmentation but not appendage development. Dev. Biol. 283, 409–423.
Arendt, D., Nübler-Jung, K., 1994. Inversion of dorsoventral axis? Nature 371, 26.
Arora, K., Levine, M.S., O’Connor, M.B., 1994. The screw gene encodes a ubiquitously
expressed member of the TGF-beta family required for speciﬁcation of dorsal
cell fates in the Drosophila embryo. Genes Dev. 8, 2588–2601.
Baer, A., Mayer, G., 2012. Comparative anatomy of slime glands in Onychophora
(velvet worms). J. Morphol. 273, 1079–1088.
Carroll, S.B., Grenier, J.K., Weatherbee, S.D., 2005. From DNA to diversity. Molecular
Genetics and the Evolution of Animal Design. Blackwell Publishing, Malden,
USA.
Chaw, R.C., Vance, E., Black, S.D., 2007. Gastrulation in the spider Zygiella x-notata
involves three distinct phases of cell internalization. Dev. Dyn. 236, 3484–3495.
Colbourne, J.K., Pfrender, M.E., Gilbert, D., Thomas, W.K., Tucker, A., Bauer, D.J.,
Caceres, C.E., Carmel, L., Casola, C., Choi, J.H., Detter, J.C., Dong, Q., Dusheyko, S.,
Eads, B.D., Frohlich, T., Geiler-Samerotte, K.A., Gerlach, D., Hatcher, P., Jogdeo, S.,
Krijgsveld, J., Kriventseva, E.V., Kultz, D., Laforsch, C., Lindquist, E., Lopez, J.,
Manak, J.R., Muller, J., Pangilinan, J., Patwardhan, R.P., Pitluck, S., Pritham, E.J.,
Rechtsteiner, A., Rho, M., Rogozin, I.B., Sakarya, O., Salamov, A., Schaack, S.,
Shapiro, H., Shiga, Y., Skalitzky, C., Smith, Z., Souvorov, A., Sung, W., Tang, Z.,Tsuchiya, D., Tu, H., Vos, H., Wang, M., Wolf, Y.I., Yamagata, H., Yamada, T., Ye, Y.,
Shaw, J.R., Andrews, J., Crease, T.J., Tang, H., Lucas, S.M., Robertson, H.M., Bork,
P., Koonin, E.V., Zdobnov, E.M., Grigoriev, I.V., Lynch, M., Boore, J.L., 2011. The
ecoresponsive genome of Daphnia pulex. Science 331, 555–561.
De Robertis, E.M., Sasai, Y., 1996. A common plan for dorsoventral patterning in
Bilateria. Nature 380, 37–40.
Dearden, P.K., Akam, M., 2001. Early embryo patterning in the grasshopper,
Schistocerca gregaria: wingless, decapentaplegic and caudal expression.
Development 128, 3435–3444.
Dropophila 12 Genomes Consortium, 2007. Evolution of genes and genomes on the
Drosophila phylogeny. Nature 450, 203–218.
Eriksson, B.J., Tait, N.N., 2012. Early development in the velvet worm Euperipatoides
kanangrensis Reid 1996 (Onychophora: Peripatopsidae). Arthropod Struct. Dev.
41, 483–493.
Estella, C., McKay, D.J., Mann, R.S., 2008. Molecular integration of wingless,
decapentaplegic, and autoregulatory inputs into Distalless during Drosophila
leg development. Dev. Cell 14, 86–96.
Evans, R., 1901. On two new species of Onychophora from the siamese malay states.
Q. J. Microsc. Sci. 44, 473–538.
Fritsch, C., Lanfear, R., Ray, R.P., 2010. Rapid evolution of a novel signalling
mechanism by concerted duplication and divergence of a BMP ligand and its
extracellular. Dev. Genes Evol. 220, 235–250.
Hayward, D.C., Samuel, G., Pontynen, P.C., Catmull, J., Saint, R., Miller, D.J., Ball, E.E.,
2002. Localized expression of a dpp/BMP2/4 ortholog in a coral embryo. Proc.
Natl. Acad. Sci. USA 99, 8106–8111.
Hejnol, A., Martindale, M.Q., 2008. Acoel development indicates the independent
evolution of the bilaterian mouth and anus. Nature 456, 382–386.
Hejnol, A., Schnabel, R., 2005. The eutardigrade Thulinia stephaniae has an
indeterminate development and the potential to regulate early blastomere
ablations. Development 132, 1349–1361.
Hejnol, A., Schnabel, R., 2006. What a couple of dimensions can do for you:
Comparative developmental studies using 4D microscopy – examples from
tardigrade development. Integr. Comp. Biol. 46, 151–161.
Hering, L., Henze, M.J., Kohler, M., Kelber, A., Bleidorn, C., Leschke, M., Nickel, B.,
Meyer, M., Kircher, M., Sunnucks, P., Mayer, G., 2012. Opsins in Onychophora
(velvet worms) suggest a single origin and subsequent diversiﬁcation of visual
pigments in arthropods. Mol. Biol. Evol. 29, 3451–3458.
Holley, S.A., Jackson, P.D., Sasai, Y., Lu, B., De Robertis, E.M., Hoffmann, F.M.,
Ferguson, E.L., 1995. A conserved system for dorsal-ventral patterning in insects
and vertebrates involving sog and chordin. Nature 376, 249–253.
Holm, A., 1952. Experimentelle untersuchungen über die entwicklung und
entwicklungsphysiologie des spinnenembryos. Zool. Bidrag (Uppsala) 29,
293–424.
Hoskins, R.A., Carlson, J.W., Kennedy, C., Acevedo, D., Evans-Holm, M., Frise, E., Wan,
K.H., Park, S., Mendez-Lago, M., Rossi, F., Villasante, A., Dimitri, P., Karpen, G.H.,
Celniker, S.E., 2007. Sequence ﬁnishing and mapping of Drosophila
melanogaster heterochromatin. Science 316, 1625–1628.
Jockusch, E.L., Nulsen, C., Newfeld, S.J., Nagy, L.M., 2000. Leg development in ﬂies
versus grasshoppers: differences in dpp expression do not lead to differences in
the expression of downstream components of the leg patterning pathway.
Development 127, 1617–1626.
Lemke, S., Antonopoulos, D.A., Meyer, F., Domanus, M.H., Schmidt-Ott, U., 2011.
BMP signaling components in embryonic transcriptomes of the hover ﬂy
Episyrphus balteatus (Syrphidae). BMC Genomics 12, 278.
Manton, S.M., 1949. Studies on the Onychophora VII. The early embryonic stages of
Peripatopsis, and some general considerations concerning the morphology and
phylogeny of the Arthropoda. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 233,
483–580.
Mayer, G., Whitington, P.M., 2009a. Velvet worm development links myriapods
with chelicerates. Proc. R. Soc. Lond. B Biol. Sci. 276, 3571–3579.
Mayer, G., Whitington, P.M., 2009b. Neural development in Onychophora (velvet
worms) suggests a step-wise evolution of segmentation in the nervous system
of Panarthropoda. Dev. Biol. 335, 263–275.
McGregor, A.P., Hilbrant, M., Pechmann, M., Schwager, E.E., Prpic, N.M., Damen,
W.G.M., 2008. Cupiennius salei and Achaearanea tepidariorum: spider models
for investigating evolution and development. BioEssays 30, 487–498.
Newfeld, S.J., Padgett, R.W., Findley, S.D., Richter, B.G., Sanicola, M., de Cuevas, M.,
Gelbart, W.M., 1997. Molecular evolution at the decapentaplegic locus in
Drosophila. Genetics 145, 297–309.
Niwa, N., Inoue, Y., Nozawa, A., Saito, M., Misumi, Y., Ohuchi, H., Yoshioka, H., Noji,
S., 2000. Correlation of diversity of leg morphology in Gryllus bimaculatus
(cricket) with divergence in dpp expression pattern during leg development.
Development 127, 4373–4381.
Ober, K.A., Jockusch, E.L., 2006. The roles of wingless and decapentaplegic in axis
and appendage development in the red ﬂour beetle, Tribolium castaneum. Dev.
Biol. 294, 391–405.
Ou, Q., Shu, D., Mayer, G., 2012. Cambrian lobopodians and extant onychophorans
provide new insights into early cephalization in Panarthropoda. Nat. Commun.
3, 1261.
Prpic, N.M., 2004. Homologs of wingless and decapentaplegic display a complex and
dynamic expression proﬁle during appendage development in the millipede
Glomeris marginata (Myriapoda: Diplopoda). Front Zool. 1, 1–12.
Prpic, N.M., Janssen, R., Wigand, B., Klingler, M., Damen, W.G.M., 2003. Gene
expression in spider appendages reveals reversal of exd/hth spatial speciﬁcity,
altered leg gap gene dynamics, and suggests divergent distal morphogen
signaling. Dev. Biol. 264, 119–140.
394 S. Treffkorn, G. Mayer / Gene Expression Patterns 13 (2013) 384–394Raﬁqi, A.M., Park, C.H., Kwan, C.W., Lemke, S., Schmidt-Ott, U., 2012. BMP-
dependent serosa and amnion speciﬁcation in the scuttle ﬂy Megaselia
abdita. Development 139, 3373–3382.
Robson, E.A., Lockwood, A.P.M., Ralph, R., 1966. Composition of the blood in
Onychophora. Nature 209, 533.
Sakuma, M., Machida, R., 2002. Germ band formation of a centipede
Scolopocryptops rubiginosus L. Koch (Chilopda: Scolopendromorpha). Proc.
Arthropod. Embryol. Soc. Jpn. 37, 19–23.
Sakuma, M., Machida, R., 2004. Germ band formation of a centipede Scolopendra
subspinipes L. Koch (Chilopoda: Scolopendromorpha). Proc. Arthropod.
Embryol. Soc. Jpn. 39, 41–43.
Sanchez-Salazar, J., Pletcher, M.T., Bennett, R.L., Brown, S.J., Dandamudi, T.J., Denell,
R.E., Doctor, J.S., 1996. The Tribolium decapentaplegic gene is similar in
sequence, structure, and expression to the Drosophila dpp gene. Dev. Genes
Evol. 206, 237–246.
Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L.K., De Robertis, E.M., 1994.
Xenopus chordin: a novel dorsalizing factor activated by organizer-speciﬁc
homeobox genes. Cell 79, 779–790.
Sedgwick, A., 1887. The development of the Cape species of Peripatus. Part III. On
the changes from stage A to stage F. Q. J. Microsc. Sci. 27, 467–550.
Sedgwick, A., 1888. A monograph of the development of Peripatus capensis. Studies
from the Morphological Laboratory in the University of Cambridge 4, 1–146.
Sommer, R.J., 2008. Homology and the hierarchy of biological systems. BioEssays 30,
653–658.St.Johnston, R.D., Gelbart, W.M., 1987. Decapentaplegic transcripts are localized
along the dorsal-ventral axis of the Drosophila embryo. EMBO 6, 2785–2791.
Stamatakis, A., 2006. RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22, 2688–
2690.
Tribolium Genome Sequencing Consortium, 2008. The genome of the model beetle
and pest Tribolium castaneum. Nature 452, 949–955.
Tribulo, C., Guadalupe Barrionuevo, M., Aguero, T.H., Sanchez, S.S., Calcaterra, N.B.,
Aybar, M.J., 2012. DeltaNp63 is regulated by BMP4 signaling and is required for
early epidermal development in Xenopus. Dev. Dyn. 241, 257–269.
van den Biggelaar, J.A.M., Edsinger-Gonzales, E., Schram, F.R., 2002. The
improbability of dorso-ventral axis inversion during animal evolution, as
presumed by Geoffroy Saint Hilaire. Contrib. Zool. 71, 1/3.
von Kennel, J., 1885. Entwicklungsgeschichte von Peripatus edwardsii Blanch. und
Peripatus torquatus n.sp. I. Theil. Arb. Zool.-Zootom. Inst. Würzburg 7, 95–229.
von Kennel, J., 1888. Entwicklungsgeschichte von Peripatus edwardsii Blanch. und
Peripatus torquatus n. sp. II. Theil. Arb. Zool.-Zootom. Inst. Würzburg 8, 1–93.
Wagner, G.P., 2007. The developmental genetics of homology. Nat. Rev. Genet. 8,
473–479.
Walker, M.H., Tait, N.N., 2004. Studies on embryonic development and the
reproductive cycle in ovoviviparous Australian Onychophora (Peripatopsidae).
J. Zool. 264, 333–354.
